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Ultraviolet (UV) irradiation of human cells induced expres-
sion of a stably maintained fusion gene consisting of the 
human immunodeficiency virus long terminal repeat pro-
moter controlling the bacterial chloramphenicol acetyl trans-
ferase gene. Two experiments demonstrated that DNA dam-
age can initiate induction: UV induction was greater in DNA 
repair-deficient cells from a xeroderma pigmentosum patient 
than in repair-proficient cells, and transfection of UV -irra-
diated DNA into unirradiated cells activated gene expression. 
Increased repair of cyclobutane pyrimidine dimers by T4 
endonuclease V abrogated viral gene activation, suggesting 
Localization of latent human immunodeficiency virus (HIV) in the skin is of concern because latent viruses can be activated by ultraviolet light (UV; reviewed in [1 D. uv irradiation of cells carrying the HIV long terminal repeat (L TR) promoter linked to a reporter gene causes 
significant induction of HIV transcription, and UV irradiation of 
T-cell lines followed by HIV infection shortened the period until 
core antigens were detected [2]. In the murine-acquired immune 
deficiency syndrome model, UV exposure of mice at the time of 
infection by the LP-BM5 murine leukemia virus accelerated the 
disease symptoms including increased immunosuppression [3]. The 
induction has been related to DNA damage, because the HIV -L TR 
is activated by much lower doses of UV when it is resident in a cell 
from the DNA repair-deficient disease xeroderma pigmentosum 
(XP) than when it is in a repair-proficient cell [4]. 
The relevance of these studies to latent HIV infection has been 
explored in transgenic mice. Mice with the HIV -L TR linked to the 
lacZ gene were UV irradiated, and an increase in p-galactosidase was 
detected in skin [5]. Similarly, transgenic mice with the HIV-LTR 
controlling either the luciferase [6] or the tat [7] gene showed in-
creased transcription after UV exposure. Most importantly, LTR 
induction was detected in both systems after the mice were exposed 
to sunlight for as little as 30 min. 
UV activation oflatent HIV -L TR transcription is clinically rele-
vant to seropositive patients. Cutaneous lesions are frequently found 
on sunlight-exposed areas of the skin [8-10], and one study showed 
that seropositive patients had higher solar and artificial UV expo-
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that dimers in DNA are one signal leading to increased gene 
expression. This signal was spread from UV -irradiated cells 
to unirradiated cells by co-cultivation, implicating the release 
of soluble factors. Irradiation of cell s from DNA repair-defi-
ciency diseases resulted in greater release of soluble factors 
than irradiation of cells from unaffected individuals. These 
results suggest that UV -induced cyclobutane pyrimidine 
dimers can activate the human immunodeficiency virus pro-
moter at least in part by a signal-transduction pathway that 
includes secretion of soluble mediators. ] Invest Dermatol 
100:790-794, 1993 
sure than matched controls [11], having the mistaken belief that a 
suntan will improve their health. In addition, UV is a component of 
therapy for dermatologic diseases in AIDS such as eosinophilic fol-
liculitis [1 2], and seropositive patients may receive iatrogenic UV 
exposure. 
Our approach to studying UV activation of latent HIV-LTR is 
through the enhancement of DNA repair by delivery of exogenous 
DNA repair enzymes. T4N51iposomes encapsulate T4 endonucle-
ase V, a DNA repair enzyme that specifically initiates removal of 
UV-induced cyclobutane pyrimidine dimers (CPO) from DNA. 
T4N5 liposomes added to UV-irradiated human cells in culture 
stimulated the removal of CPO and increased 0 N A repair synthesis 
[13]. T4N5 liposomes in a lotion applied topically to hairless mice 
after UV exposure increased the removal of CPO from mouse epi-
dermis and reduced the incidence ofUV-induced skin cancer com-
pared to untreated controls [14]. XP patients had faster removal of 
CPO from their skin treated with T4N5 liposomes than from un-
treated skin (J. Hawk, A. Young, and D. Yarosh, unpublished re-
sults) . 
MATERIALS AND METHODS 
Cell Lines SV40-transformed hum.an fibroblast strain GM637 
and excision-repair-deficient strain XP12BE from a group A XP 
patient were supplied by the Coriell Institute for Medical Research 
(Camden, NJ). They were each transfected by the calcium phos-
phate method using plasmid pHIVcat-SVneo (a kind gift of Dr. 
Kristofer Valerie, Medical College of Virginia). GMHIV-2 and 
XPHIV -II were produced by selection with 800,ug/ml geneticin of 
transfected GM637 and XPI2BE, respectively, and pooling resist-
ant colonies. Fibroblast strain WI38 was obtained from Flow Labo-
ratories (Costa Mesa, CA), and unaffected fibroblast line AG02804, 
Cockayne syndrome fibroblast line CRL-739 and basal cell nevus 
syndrome line CRL-1658 were from the Coriell Institute. Fibro-
blast lines were cultured as described [15] from skin biopsies: DO, 
NA, and RD were from basal ce ll carcinoma patients, and lines 
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XPSFR and XP8FR were from two male XP patients of undeter-
mined complementation groups. Transformed keratinocyte line 
A431 was from the American Type Culture Collection (Rockville, 
MD), and the T-cell leukemia line CEM was a kind gift of Dr. Tom 
Brent (St. Jude Children's Hospital, Memphis, TN). 
Reagents Biotinylated rabbit anti-chloramphenicol acetyltrans-
ferase (CAT) and anti-neomycin phospho transferase II (NeoPTII) 
antibodies were from 5' - 3' (Boulder, CO). Purified CAT was 
from Sigma (St. Louis, MO). 
Liposo~es T4N5liposomes were prepared as described [16] and 
contained T4 endonuclease V encapsulated in membranes com-
posed of phosphatidylcholine, phosphatidylethanolamine, oleic 
acid and c holesterol hemisuccinate (2: 2 : 1 : 5 molar ratio). Lipo-
somes for DNA transfection were prepared as described [17] using 
liposornes composed of phosphatidylethanolamine and dimethyl-
dioctadecylammonium bromide. Plasmid pSV2gpt, in some cases 
after irradiation with 5001/m2 UV-C and treatment with 10f.1g/ ml 
T4 endonuclease V, was bound to the liposomes and immediately 
added to cells in media containing 4% serum. As a positive control, 
pRSV cat was used to measure the transfection efficiency. 
UV Irradiation and Cell Culture Cells were cultured with 
Dulbecco's modified Eagle's medium prepared from powder 
(DME; GIBCO, Grand Island, NY) with 10% newborn calf serum 
(Irvine Scientific, Santa Ana, CAl, 50 f.1g/ml gentamycin, and 0.5 
/ig/ml amphotericin B in 60-mm dishes to 80% confluence. They 
were irradiated without medium with UV -C from a Phillips G 1ST 
germicidal lamp emitting predominantly 254 nm light at a fluence 
rate of 1 J /m2/ second, as monitored by a UVX digital radiometer 
(Ultravio let Products, San Gabriel, CAl. The cells were refed with 
media containing 10% serum and incubated for 18 h for direct 
determination of CAT activity. In experiments with liposomes the 
serum concentration in the media in both the experimental and 
control p lates was reduced to 4%. 
In transfer experiments, serum-free supernatants were collected 
from plates 48 h after UV irradiation, and the protein concentration 
determined by the Bradford reaction (Biorad, Richmond, CAl. The 
supernatants were then mixed with serum-free DME, added to un-
irradiated XPHIV -II cells, and then incubated 4B h. In co-cultiva-
tion experiments, 105 untransfected cells were UV irradiated in 
60-mru dishes and then 105 XPHIV-II cells in DME with 10% 
serum were added to the dish and co-incubated 48 h. In transwell 
experiments, 105 XPHIV-II cells were plated ill 6-well 35-mm 
plates and lOS untransfected cells were plated onto 35-mm mem-
brane inserts (Costar, Cambridge, MA) in separate plates and cul-
tured overnight. The membrane-grown cells were UV irradiated 
and the inserts were then transferred to the wells containing the 
unirradiat ed XPHIV-II cells in 1 ml serum-free DME, and incu-
bated 48 h. Liposomes were added to membrane-grown cells in 
serum-free media. 
Chlora~phenicol Acetyltransferase Assay Extracts were 
prepared from cells harvested in 0.25 M Tris, pH 7.8, by three cycles 
of freeze-thawing and protein concentration was determined by the 
Bradford r eaction. CAT gene induction was measured using fluores-
cent B ODIPY-Iabeled chloramphenicol (CAM) (Molecular Probes 
Inc., Eugene, OR) in an BO-f.11 reaction containing 5 nmol 
BODIPY -CAM; 0.25 M Tris, pH 7.8; 40 nmol acetyl CoA; and 
either 25 or 50 f.1g cell protein [18] . After 30 or 60 min the reaction 
products were extracted with ethyl acetate, spotted on silica thin 
layer chromatography plates and developed in 90% chloroform, 
10% methanol. The images of the fluorescent plates, evenly illumi-
nated -w-ith rwo black - light-blue 15-watt bulbs (predominantly 
365 nrn UV -A; General Electric, C leveland, OH), were digitized by 
aStar I c harge-coupled device digitizing camera (Photometrics Inc., 
Tucson, AZ) and stored as tagged-image-format computer fil es. 
The reaction products were quantitated from the digitized values 
fo r each fluorescent spot on the plate using QuantiScan version 1.1 
software (Biosoft Ltd., Cambridge, UK). Each assay contained a 
positive control and acetylated BODIPY -CAM standards. CAT ac-
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Figure 1. Induction of CAT activity as a function of UV-C irradiation. 
GMHIV-2 (0) and XPHIV-II (0 ) cells were irradiated with UV-Cand then 
incubated for 18 h. Top, CAT activity is expressed as nmol acetylated CAM 
per mg cell protein per hout , and each poitll is the average of four measure-
ments. Error bars, SEM. Bottom, representative thin-layer chromatogram of 
fluorescent BODIPY -CAT assay. Lanes 1 and 13, nO extract; fOlIes 2 -1 1, 
extracts ofXPHIV-II treated in pairs of 25 and 50 JLg protein with 0, 3,5,7, 
10 Ji m' UV-C; fOlIes 14-23, extracts ofGMHIV-2 treated in pairs of25 and 
50 JLg protein with 5, 10, 15, and 20 J/m2 UV -C. LOlles 12 and 24 contain 
standards of BODIPY-CAM and the acetylated forms . 
tivity was calculated from the input nmol CAM and the fraction of 
acetylated products (corrected for background in the substrate), and 
is pr~sented as the average nmol acetylated product per mg 'cell 
protem per hour for all measurements. Induced CAT activity is the 
activity in irradiated samples minus the activity in unirradiated sam-
ples. 
Western Blotting Fifty micrograms of cell extracts prepared for 
CAT assay from the co-cultivation experiments were denatured by 
boiling with sodium dodecylsulfate (SDS) and electrophoresed 
thro~gh a 15% SDS-polyacrylamide gel with a 6% polyacrylamide 
stac~lI1g layer .. T.he proteins were electrophoretically blo.tted to Im-
mobllon P (Mllhpore, Bedford, MA} and probed with blotll1ylated 
rabbit antibodies to NeoPTII and CAT. Antibody binding was de-
tected by avidin-alkaline phosphatase and 0.17 mg/ ml nitro blue 
tetrazoliUI11, 0.33 mg/ml 5-bromo-4-chloro-3-indoxyl phosphate 
in 0.1 M diethanolamine, pH 9.8. 
RESULTS 
Assay ofUV Induction ofHIV-CAT The CAT reporter gene 
system was used with fluorescent CAM to measure HIV L TR in-
duction by UV [18}. Under our standard conditions, the production 
of acetylated CAM was linearly related to the input purified CA: T 
enzyme activity up to 45% of the CAM acetylated by 62.5 umts 
CAT (0.68% ± 0.02% CAM acetylated per unit CAT enzyme, 
correlation coefficient = 0.99). 
The pHIVcatSVneo construct stably maintained in either the 
GMHIV-2 or the XPHrV-I! fibroblasts was induced to express 
CAT activity by UV irradiation of the cells (Fig 1). The basal level 
of CAT expression in XPHIV -II cells was higher than that in 
GMHIV-2 cells (51.9 versus 1.5 nmol/ mg/ h) , and UV-C increased 
activity in both cell lines. UV irradiation ofXPHIV-II with up to 5 
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Table I. Induction of HIV -CAT in XPHIV -II Cell 
by Lipofection with UV-Irradiated DNA" 
Induced 
CAT Activity Percent 
Treatment (nmol/mg/h) Induction p Value 
pSV2gpt 2.2 ± 2.4 21 > 0.2 
UV pSV2gpt 7.2 ± 3.4 70 0.05 
UV-pSV2gpt/endo V 5.0 ± 5.6 48 >0.1 
pRSVcat 10.4 ± 3.6 100 < 0.01 
• XPHIV -II cells were treated by lipofection with pSV2gpt DNA either unirradiated, 
irradiated with SOO/m2 UV-C, or irradi~ted and incubated with T4 endonucle~se V. As 
a positive control cells were treated by hpofectlOn wIth pRSVcat, wluch constitutIvely 
expresses CAT. After 18 h incubation the CAT activity was measured, the activity 111 
the untreated control subtracted to determine the induced activity, and the result in 
nmol/mg/h is expressed with the standard erro~. The percent induc~ion is calculated by 
comparison to pRSVcat, and the statIStical slgrulicance of the difference from the 
untreated control (p value) was calculated by the Student rwo-tailed t test. 
J/m2 dramatically increased CAT activity, easily visible in the thin-
layer chromatogram (Fig 1, b~ttom, lanes 2 -13). At greater fluences 
the activity was in the non-lmear response range of the standard 
reaction. In contrast, UV irradiation of repair proficient GMHIV-2 
cells was much less dramatic at lower doses and clearly visible in the 
chromatograms only at 15 and 20 J/m2 (Fig 1, bottom, lanes 14-23). 
Fluorescent image analysis of replicate experiments detected a 
steady increase in CAT activity in these cells up to 20 J/m2 (Fig 1, 
top). 
DNA Damage and Cyclobutane Pyrimidine Dimers The 
role of DNA damage was examined by introducing UV-C-
irradiated plasmid pSV2gpt DNA into XPHIV-II by lipofection, 
and measuring HIV -L TR activation (Table I). As a positive control, 
cells were transfected with pRSV cat, which constitutively ex-
pressed CAT from the RSV promoter, and CAT induction from the 
HIV-LTR -by UV-C was compared to expression in this control. 
XPHIV -II cells treated with unirradiated plasmid show a small 
increase in CAT activity that was not statistically significant. 
XPHIV -II cells treated with UV -irradiated plasmid had a statisti-
cally significant increase in CAT expression compared to untreated 
cell (70% of pRSVcat). This increase was abrogated by treating the 
UV-plasmid with T4 endonuclease V. 
The importance of CPD was confirmed by treating UV-irra-
diated cells with T4N5liposomes (Fig 2), which deliver T4 endonu-
clease V intracellularly and increase the removal of CPD, but not 
6-4 pyrimidine-pyrimidone photoproducts, from DNA [13-16]. 
The liposomes produced an inhibition of UV -induced CAT gene 
expression in proportion to the liposome dose, and at the highest 
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Figure 2. UV Induction of CAT activity as a function ofT4N5liposo~e 
concentration. GMHIV-2 (0) and XPHIV-II (0) cells were irradiated With 
15 J/m2 or 5 J/m2 UV-C, respectively, and incubated for 18 h with T4N5 
liposomes in media with 4% serum. CAT actIVIty IS expressed as a percent of 
activity in the absence of liposome treatment. Error bars, SEM. 
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Figure 3. Induction of CAT activity in XPHIV-II cells as a function ofUV 
irradiation to co-cultivated fibroblasts. Fibroblasts from four repair-profi-
cient normal lines (0), four lines from patients with basal cell carcinoma (0) , 
two lines from patients with XP (e), one line from a patient with Cock-
ayne's syndrome (11), and one line from a patient with basal cell nevus 
syndrome (+) were UV irradiated, and XPHIV-IJ cells were added and 
co-cultivated for 48 h, after which CAT activity was assayed. Induced CAT 
activity is that in UV -irradiated co-cultures minus that from unirradiated 
co-cultures. For each group of cell lines the induced CAT activity was 
averaged among the lines used. Error bars, SEM. 
liposome doses the CAT activity after UV irradiation was only 
about 10% of that in the absence of T4N5 liposomes. 
UV Induction of Soluble Mediators CPD are not required in 
the HIV-LTR DNA itself for CAT induction. Supernatant media 
from UV -irradiated XP fibroblasts transferred to unirradiated 
XPHIV -II cells produced CAT induction in proportion to the 
amount of protein in the conditioned media (data not shown). 
A much stronger response was observed when UV-irradiated 
human skin fibroblasts were co-cultivated with unirradiated 
XPHIV-II cells (Fig 3). The greatest induction of CAT activity was 
observed when skin fibroblasts from either of two XP patients were 
irradiated with UV fluences of up to 15 J/m2 and then added to 
dishes of XPHIV -II cells. This induction was greater than the in-
duction by co-cultivation of UV-irradiated repair-proficient skin 
fibroblasts from either unaffected or non melanoma skin cancer pa-
tients with XPHIV -II cells (p = 0.02, by Mann-Whitney rank sum 
test). UV -irradiated fibroblasts from patients with other genetic 
photosensitivity diseases also produced greater CAT induction than 
unaffected fibroblasts upon co-incubation with unirradiated 
XPHIV-II cells. Fibroblasts from a Cockayne's syndrome (CS) pa-
tient and from a basal cell nevus syndrome (BCNS) patient each 
induced greater than normal CAT expression after UV (Fig 4). UV 
irradiation of the human keratinocyte line A431 and the human 
T-cell line CEM followed by co-cultivation with XPHIV-II cells 
also produced increased CAT activity (data not shown), indicating 
that the soluble factor(s) can be produced by several cell types. 
We were concerned in these co-cultivation experiments that we 
might not be observing UV-induced release of an inducing signal , 
but rather UV killing of the irradiated fibroblasts and thus enrich-
ment of XPHIV-II cells in the cell extract. To test for this artifact 
we examined the extracts from unirradiated and irradiated co-culti-
vated cells by Western blot for levels of the N eoPTII protein, con-
stitutively produced by the neo geneticin-resistance gene in the 
XPHIV -II cells. These blots showed similar levels of the NeoPTII 
in unirradiated and irradiated cell extracts, demonstrating that the 
XPHIV -II cells were not selectively enriched in the irradiated ex-
tracts by killing of the co-cultivated fibroblasts (data not shown). In 
the same Western blots we found induction of the CAT protein 
after irradiation (data not shown). 
The release of soluble mediators was further investigated in a 
transwell cell-culture system. XP fibroblasts were irradiated on 
membrane inserts with O.2-micron pores, allowing passage of mole-
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Figure 4. Induction of CAT activity in XPHIV-II ce lls by UV irradiation 
ofXP12BE on membrane inserts, and inhibition by treatment with T4N5 
liposomes. XP12BE cells on membrane inserts were irradiated with increas-
ing doses of UV·C and incubated in transwells with XPHIV-II (e). The 
inserts were removed and CAT activity was measured in the XPHIV -II cells. 
JCP12BE cells on membrane inserts were also irradiated with 5 J/m2 UV -C, 
and treated with increasing concentrations of T4N5 liposomes (0) before 
incubation in transwells with XPHIV·II and CAT assay. The data represent 
me average of two experiments. 
cules but not cells . The membranes were then inserted into cell-cul-
ture media above XPHIV -II cells attached to the bottom of the dish. 
UV irradiation of the XP fibroblasts on the membrane increased 
CAT activity in the unirradiated XPHIV -II cells in the dish (Fig 4). 
However, the induction was less than that observed in the co-culti-
vation experiments. Treatment of the UV-irradiated cells on the 
membrane with T4NS liposomes reduced CAT activity in a lipo-
lOme dose-dependent manner (Fig 4). 
DISCUSSION 
UV induces transcription from the HIV -L TR and the accumulated 
evidence demonstrates that DNA damage is able to activate this 
process. UV produced much greater gene expression when the 
HIV-CAT construct was resident in a DNA-repair deficient cell 
line than a normal line, and UV-irradiated plasmid DNA intro-
duced into cells triggered CAT gene induction. However, this 
naked UV-DNA was an order of magnitude less efficient than direct 
irradiation of cells . Perhaps the structure of DNA (e.g., in chroma-
tin), in addition to the amount of DNA damage, may be important 
in the induction process. The CPO produced by UV appears to be an 
important DNA lesion, because treatment of UV cells with the 
CPO-specific T4 endonuclease V liposomes or treatment of UV-
DNA with pure T4 endonuclease V reduced CAT induction. The 
data suggest that an early step in UV-activation of HI V may include 
the form.ation of CPO in DNA. 
The activating signal can be transferred from irradiated to non-
irradiated cells. This was demonstrated using cell-free supernatants, 
co·cul tivation of irradiated cells with un irradiated cells, and co-cul-
ovation with separation by a microporous membrane. This impli-
cates one or more soluble mediators that are very sensitive to dilu-
non. The signal was strongest during co-cultivation in which UV-
and unirradiated cells were in close physical proximity, lessened in 
the transwell experiments in which the signal passed from the 
membrane to the bottom of the dish, and weakest of all in cell-free 
lupernatant transfer experiments, in which the si~nal was mixed 
evenly within the volume of the transferred media. The greatest 
ligna I was obtained by direct UV irradiation and this may indicate 
that an autocrine process is also involved. However, it may also 
Itlggest that CPO in the DNA containing the HIV-LTR increases 
uanscription by cis-activation in addition to any soluble mediator 
acting by a trans-activation mechanism. It should be noted that UV 
induces CAT expression in XPHIV -II cells at UV f1uences too low 
to produce CPO near the HIV -L TR sequences in more than a tiny 
fraction of cells. 
The co-cultivation experiments provided an opportunity to exam-
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ine the response of cells from patients with UV photosensitivity. 
Cells from XP patients produced much higher CAT activity after 
UV than normal cells, consistent with the defect in removal of CPO 
from DNA in XP. Cells from CS are thought to have a defect in the 
preferential removal of CPO from actively transcribed DNA [19] 
and they induced more CAT activity after UV than normals, but not 
as great as XP cells. Cells from BCNS patients are hypersensitive to 
UV -B [20], and may have a defect in repair ofuV damage [21]. The 
disease predisposes to UV -induced skin cancers and UV irradiation 
ofBCNS cells produced CAT activity comparable to CS. Cells from 
patients with nonmelanoma skin cancer but no genetic disease were 
indistinguishable from controls. 
The three genetic diseases (XP, CS, and BCNS) often produce 
symptoms that are not obviously related to sun damage to epidermal 
DNA, such as neurologic and immunologic abnormalities (XP, CS) 
and bone and growth disorders (XP, CS, BCNS). The data 
presented here support our hypothesis that defective DNA repair 
may lead to abnormal cytokine release from UV-irradiated cells 
[22]. This in turn may lead to cutaneous photosensitivity and per-
haps to noncutaneous symptoms at sites distant from the point of 
cytokine release. 
The ability of UV to trigger HIV LTR transcription either by 
direct damage or by the release of soluble mediators has important 
implications in studying and managing HIV infection. The experi-
ments reported here produced CPO using UV-C (which is filtered 
from sunlight by stratospheric ozone), but UV-B and sunlight also 
produce CPO. Although biologic effects ofUV-C and UV-B differ, 
both UV-B and sunlight induce HIV expression in transgenic mice. 
Epidemiologic evidence relating solar UV exposure to shortened 
HIV latency is not available. However, UV and UV -A plus psoralen 
have been used in treatment of HIV-infected patients [18] and this 
may be a population to study for such a link. In the meantime, it 
would seem prudent to minimize the exposure of HIV -infected 
patients to solar or therapeutic UV. 
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